We use a phase-retrieval cross-correlation technique to analyze the spatiotemporal field evolution of selffocused ultrashort pulses. The technique features a new phase-retrieval algorithm based on functional differentiation. Its sensitivity, rapid convergence, and temporal nonreciprocality enable reliable threedimensional waveform reconstruction. At less than the critical power, the experiments verify conventional description of self-focusing and give a direct proof of the Kerr-lens mode-locking mechanism. In contrast, for pulses with peak power much more than the critical power, nearly uniform self-focusing and quasi-stable single-filament trapping to a universal beam diameter were observed. The trapping can be explained by the saturation of the nonlinear refractive-index change at ⌬n ϳ 7 ϫ 10 Ϫ5 . The saturation is verified by an independent cross-polarization modulation measurement.
INTRODUCTION
Femtosecond lasers have played an increasingly important role in nonlinear-optics research owing to the extremely large instantaneous power that the lasers produce. In contrast to nanosecond and picosecond pulses, femtosecond pulses enable propagation at much larger intensity before encountering fluence-limited optical breakdown, thus opening up the possibility of many interesting nonlinear phenomena, such as continuum generation, [1] [2] [3] [4] [5] single-filament trapping, 3, [6] [7] [8] microcavitation, 9 and microstructuring. [10] [11] [12] [13] In ultrafast optics, self-focusing is an omnipresent effect in nonlinear propagation. Typical self-focusing critical power P c for dielectric materials is of the order of 10 5 -10 6 W; therefore, for a 100-fs pulse, selffocusing can be a prominent effect for pulse energies as small as 0.01-0.1 J. Early observations of self-focusing in transparent media were carried out by inspection of the optical damage produced by Q-switched lasers. 14, 15 However, because the pulse length was much longer than the media and because of an insufficient time resolution, it was not possible to observe the dynamical evolution of the beam profile under self-focusing.
Theoretically, weak self-focusing can be treated by the mode-expansion technique 16 or by a simpler but lessaccurate technique of Gaussian-beam rescaling. 17 But these perturbation theories do not work for strong selffocusing. Early numerical simulation showed that, in three-dimensional media, if the power is larger than P c , the beam shrinks catastrophically into unknown states where the simulation could not follow. 18 However, the simulation was based on the scalar field theory under the paraxial approximation, whose validity in describing the extreme case of self-focusing is questionable. Recently, simulations based on the vector field theory 19 showed that the beam does not focus catastrophically. Instead, the focusing action slows down and then turns out to be defocusing. Simulations that model a self-focusing beam as a self-induced waveguide of a variable shape also showed that the beam does not collapse; instead, the intensity of the self-focusing beam oscillates after a trap point. 20 Studies that went beyond the paraxial approximation also predicted the oscillatory focusing phenomenon. 21, 22 Owing to the lack of experimental data that fit the conditions required by the theories, at this point, what the dominant effects are that govern the extreme state of selffocusing remains unclear.
In this paper we study the nonlinear propagation of self-focused femtosecond pulses in sapphire by measuring the ultrafast field evolution with a three-dimensional phase-retrieval cross-correlation technique. The peak power of the pulses ranges from ϽP c to several times P c , with a propagation distance up to several times the con-focal parameter. Experimental results show distinctly different dynamics for high-energy pulses than for lowenergy ones. For high-energy pulses with peak power ӷP c , the pulse appears to self-focus as a whole, with the low-power temporal wings focusing as fast as the highpower pulse peak does. In addition, the pulses do not focus down catastrophically; instead, they are trapped momentarily to a quasi-stable single filament 20-25 m in diameter, without a measurable dependence on the peak power. The experimental data cannot be explained by nonparaxial or vector field effects because the filament diameter is too large for these effects to be significant.
To understand the experimental observation, we studied the intensity dependence of the refractive index with a cross-polarization modulation experiment. We measured the polarization rotation of a low-power test beam induced by a high-power pump beam all the way to the threshold of multifilament propagation. The rotation angle as a function of the pump-beam intensity showed that for sapphire crystal the change of refractive index ⌬n caused by n 2 saturated at ϳ7 ϫ 10 Ϫ5 . Under a graded-index self-consistent waveguide model, this level of saturation translated to a trapped-beam diameter of ϳ20 m. The result is in good agreement with our experiments. These measurements and analyses help to construct a clearer picture of the propagation of ultrashort pulses under extreme self-focusing.
PHASE-RETRIEVAL CROSS CORRELATION
In ultrafast nonlinear optics there is no simple and universal method to deconvolute the material response from the driving optical field; therefore a careful characterization of the three-dimensional field distribution is essential to the interpretation of experimental data. Traditionally, ultrashort pulses are characterized by their spatial beam profile and their temporal profile separately. The spatial beam profile is usually measured with slow devices such as CCD cameras; hence what is measured is the time-averaged beam profile. The temporal profile can be measured by an increasingly popular method, frequency-resolved optical gating 23 (FROG). Yet, because of its one-dimensional nature, only the spatially averaged temporal profile is measured. Characterizing a pulse by its averaged spatial profile and its temporal profile separately is inadequate in many cases, because in general the three-dimensional pulse shape cannot be described simply by the product of the time-averaged beam profile and the spatially averaged temporal profile.
In order to analyze the self-focusing dynamics of femtosecond pulses, we developed a three-dimensional phaseretrieval cross-correlation technique to measure the spatiotemporal field evolution in nonlinear media. 24, 25 Our technique is derived from second-harmonic-generation FROG 26 (SHG FROG) with autocorrelation replaced by the cross correlation of a focused, well-characterized reference pulse and an unfocused sample pulse. The key idea is to probe the unfocused sample pulse at different transverse spatial positions and to use an efficient phaseretrieval algorithm to map out the temporal structure of both amplitude and phase as a function of spatial coordinates. The measured array of temporal waveforms, when put together, gives the three-dimensional profile of the field. During the same period as our previous publications, a similar one-dimensional phase-retrieval crosscorrelation technique called XFROG was reported independently. 27, 28 Very recently, yet another phaseretrieval cross-correlation technique called PICASO has been developed. 29 All these methods are based on the same principle and motivation: using cross correlation to avoid the time-reversal ambiguity in autocorrelation measurements enables the use of (2) nonlinearity for high sensitivity. However, the major difference in the implementations is the phase-retrieval algorithm. Taking advantage of the fact that half of the fields in cross correlation are already known, we developed a reliable and rapid converging algorithm based on functional derivatives. The rapid and accurate algorithm plays an important role in the processing of the large amount of data in threedimensional field reconstruction.
In autocorrelation FROG the pulse waveform a(t) can be calculated from the measured spectrogram ͉S (, )͉ 2 by applying the spectral constraint 30 :
where ã () is the Fourier transform of a(t) and denotes convolution. Because this method is not reliable in solving complex waveforms, DeLong et al. developed another algorithm based on minimizing the error function
with respect to a(t), where S(t, ) is the Fourier transform of S (, ). 26 The latter algorithm is robust but requires heavy computation. However, when this approach is applied to cross correlation, one has the advantage that the error function is only a quadratic function of the unknown field a(t):
where a r (t) is the waveform of the reference pulse. Because a r (t) is known, by taking the functional derivative with respect to a(t), minimization is reached in just one step with the following simple algebraic relation:
where E ϭ ͉͐a r ()͉ 2 d is the energy of the reference pulse, which can be easily measured experimentally. Figure 1 shows a block diagram of our phase-retrieval algorithm. We use two measured data, the spectrogram ͉S (, )͉ 2 and the reference field a r (t), to retrieve the unknown field. The first step is Fourier transformation of the spectrogram with a randomly generated phase profile arg(S ). Equation (4) is then used to derive the first approximation of the pulse field a(t). Next, a new S (, )
is constructed with a(t), and the error is further reduced by replacing the magnitude of the calculated spectral field S (, ) with the square root of the measured spectrogram. This completes the first iteration loop. By repeating this loop, we construct better and better approximations of the true pulse field.
In contrast to autocorrelation phase retrieval, the minimization of the error function in cross-correlation phase retrieval is a projection of the true S(t, ) onto a convex set formed by a(t)a r (t Ϫ ). The other projection is the replacement of the calculated spectral magnitude by the measured one. It can be shown that the two projections reduce the error monotonically, and the minimum error point is unique. 31 Therefore Eq. (4) not only greatly simplifies the iteration process, making the phase-retrieval algorithm fast and reliable, but also ensures the uniqueness of the solution.
A systematic diagram of the experimental setup is shown in Fig. 2 . A portion of the beam from the femtosecond oscillator is split off to serve as the reference beam, which is characterized before the experiments with SHG FROG. Because the reference pulses are directly from the oscillator, they have a clean sech shape that can be easily characterized by SHG FROG. For such a simple pulse shape the time-reversal ambiguity can be easily removed by the technique described in Ref. 26 . The other portion of the beam is either used directly or amplified to a higher power to serve as the sample beam in the experiments. After propagating through the Kerr medium, the sample beam goes through a corner-cube retroreflector. The corner cube is scanned perpendicular to the beam path; thus the region in which the focused probe beam intercepts the sample beam scans in the transverse direction across the sample-beam profile. A close view of the beams on the nonlinear crystal is shown in Fig. 3 . The probe beam is focused to a 2 mm ϫ 80 m size on a 100-m-thick KDP crystal, where it intercepts the 2-mmdiameter sample pulse at an angle of 15°. This arrangement is similar to the single-pulse autocorrelator, 32 in which the interception region is a short line segment. The length of the line segment is ϳ0.5c csc(/2), where is the pulse duration, c is the speed of light in the medium, and is the angle of interception. A point in the line segment at a distance x from the center corresponds to a delay of x sin()/c between the two pulses. In our experiments the length of the line segment is ϳ110 m. The second-harmonic signal is generated by type I phase matching at the line segment and is imaged onto the entrance slit of a 0.25-m imaging monochromator equipped with a 16-bit CCD camera. The two axes of the image from the CCD camera correspond to the time delay and the frequency offset, respectively. By scanning the point of interception, we obtain the FROG traces at every position. It should be noted that the spatial resolution is not limited by the 80-m by 110-m interaction spot. One can expand the sample beam to a larger diameter before cross correlation to increase the number of effective pixels, thereby increasing the resolution. Although the three-dimensional intensity profile can also be measured with intensity cross correlation, the advantage of phase- Fig. 1 . Phase-retrieval algorithm employed in this paper. retrieval waveform-reconstruction techniques is that there is no need to prepare a synchronized reference pulse that is much shorter than the waveform to be measured.
Spectral-interference methods have also been developed for the reconstruction of ultrafast waveforms. For linear spectral interference 33 the spectral range of the reference pulse must completely cover that of the waveform to be measured. This requirement is difficult to satisfy in cases of nonlinear propagation in which self-phase modulation is significant. This limitation can be overcome with nonlinear spectral-interference techniques, such as spectral phase interferometry for direct electric field reconstruction, 34 in which no reference pulse is needed. The advantage of cross-correlation FROG is that the reference pulse has an extra-clean spatiotemporal profile. This helps to avoid complications associated with nonlinear mixing of complex spatiotemporal waveforms, such as deconvolution of spatial profiles.
SELF-FOCUSING DYNAMICS
Our first experiment was measuring the spatiotemporal profile of the femtosecond pulses produced by a Kerr-lens mode-locked Ti:sapphire laser. The intracavity peak power is 0.58 MW, ϳ0.27P c in Ti:sapphire crystal (P c ϵ c 0 2 /32 2 n 0 n 2 , and n 2 ϭ 2.5 ϫ 10 Ϫ16 cm 2 /W). 35 The theory of Kerr-lens mode locking is that self-focusing in the gain medium produces a power-dependent beam size. As the beam goes through a properly set intracavity aperture, the net effect is equivalent to a fast saturable absorber. 17, [36] [37] [38] The distinct feature of Kerr-lens mode locking is thus a smaller beam size at the temporal center than at the wings, as a result of stronger self-focusing. Although the theory has been supported by indirect evidence, 36, 37, 39, 40 a direct measurement of the instantaneous spatial profile will serve as a decisive proof.
The measurement was done at 2 m from the output coupler, where the field distribution is an image of that in the Ti:sapphire crystal. Figure 4(a) shows the reconstructed waveform. The instantaneous beam diameter shown in Fig. 4(b) reveals that the beam diameter at the pulse center is smaller than that in the wings by ϳ5%, agreeing with theoretical estimations. 38, 41 For comparison we coupled the same pulses into a 5-cm single-mode optical fiber and measured the instantaneous beam diameters again. Within the Ϯ1% uncertainty limited by the mechanical stability of the coupling device, no temporal diameter variation was found, as shown in Fig. 4(c) . The experiment thus offers a direct proof of the Kerr-lens pulse-shortening mechanism.
Next we measured the femtosecond self-focusing dynamics of amplified pulses in a sapphire crystal. The experimental setup is shown in Fig. 2 . The sample beam is now amplified pulses propagating through a sapphire wedge. We focus the sample beam such that the beam waist is right on the entrance surface. The propagation distance in sapphire is adjusted by moving the wedge into the beam. The field distribution at the exit surface is imaged at 20ϫ magnification onto the KDP crystal, where it is sampled by the focused reference beam. Figure 5 shows the instantaneous beam diameters at different propagation distances. Self-focusing shrinks the full width at half-maximum (FWHM) beam diameter from 28 m at the entrance surface to 22 m after 3-mm propagation. The interesting point is that, unlike self-focusing for low-energy pulses shown in Fig. 4 , the pulse selffocuses nearly uniformly, i.e., the temporal wings focus no less than the center. Apparently, at such high intensity the conventional picture of self-focusing needs to be modified.
In a previous publication we reported the beamdiameter evolution for self-focusing at more than the critical power. 42 Those experiments were done at 630 nm with a femtosecond dye-laser amplifier. We found that for peak power a few times larger than the critical power, the beam did not focus down catastrophically; instead, it was trapped to a single filament ϳ25 m in diameter. However, because the beam profiles were measured by a camera instead of three-dimensional cross correlation, it was not clear how uniform the beam profiles were in the temporal axis (the propagation direction). In this study, using three-dimensional phase-retrieval cross correlation, we measured the spatiotemporal field distribution along the propagation of pulses with different peak powers. The results are shown in Fig. 6 . As a check of repeatability, two independent results are plotted for comparison. In the power range of our experiments (2.3-4.1 P c ) no catastrophic beam collapse was observed. Instead, the major peak containing more than 80% energy in the spatiotemporal profiles is always of finite size. Figure 7 shows the FWHM beam-diameter evolution for different peak powers. Within the experimental power range the beams shrink to a universal diameter of 20-25 m in 4-mm propagation (2.3 times the confocal parameter). Because we put the beam waist right on the entrance surface of the sapphire crystal, this further reduction of beam size can result only from self-focusing. What is interesting is that within the parameter space of our previous dye-laser experiments and Ti:sapphire-laser experiments, this uniform self-focused beam size appears to be insensitive to the initial beam size, power, and wavelength.
Self-channeling propagation of high-power femtosecond pulses in air has been reported previously, 6 in which the beam was trapped to a 80-m diameter and propagated for longer than 20 m. The self-channeling propagation can be explained by a spatial solitonlike model in which the propagation is stabilized by multiphoton ionization. 43 An extended version of this model that included the effect of group-velocity dispersion predicted similar selfchanneling of femtosecond pulses in dielectric solids, along with strong pulse shortening. 44 However, the intensity of trapped pulses in our experiment is an order of magnitude smaller than that required by this extended model, and we did not observe dramatic pulse shortening in our measurement. Because multiphoton ionization is a strongly intensity-dependent effect, the free electrons generated by multiphoton ionization in our experiments are not sufficient to balance n 2 . The nonlinear refractive index must have saturated at an intensity much lower Instantaneous beam-diameter evolution of highintensity self-focused pulses in sapphire; d is the propagation distance in the sapphire crystal, the pulse duration is 180 fs; and the peak power is 4.7 MW (2.2 P c ). Fig. 6 . Spatiotemporal profile evolution of femtosecond pulses with peak power ӷP c . The beams were prefocused such that their waist was exactly at 0 mm (the input surface of the nonlinear medium). The pulse duration is 280 fs.
than that for multiphoton ionization to play a dominant role.
SATURATION OF THE NONLINEAR REFRACTIVE INDEX
To understand the characteristic slowdown of selffocusing, we studied the saturation of n 2 experimentally with an independent pump-probe measurement. For linearly polarized light propagating in an isotropic medium, or along the c axis in a cubic crystal, n 2 is related to the third-order nonlinear optical susceptibility (3) by 45 n 2 ϭ
Hence the variation in the refractive index can be determined from the measurement of (3) . We measured (3) by a cross-polarization modulation experiment. The experimental setup is shown in Fig. 8 . Without the pump beam the p-polarized probe beam is blocked by the analyzer with an extinction ratio larger than 10 5 . When a 45°-polarized pump pulse is present, the s-polarized signal beam is generated in the sapphire crystal by the Kerr effect and is then transmitted through the analyzer. The induced electric polarization of the signal beam is proportional to the intensity of the pump pulse:
and the signal intensity is given by
where E is the electric field, k 0 is the wave number in free space, I probe is the probe-beam intensity, and L is the length of medium. For a crystal of class 3m such as sapphire, the third-order susceptibility tensor has 37 nonzero elements, of which 14 elements are independent. Crosspolarization modulation is related with four elements: xxxx (3) , xxyy (3) , xyyx (3) , and xyxy (3) , which are related by the isotropy relation:
In materials for which the origin of the nonlinear refractive index is predominantly electronic rather than nuclear, (9) Figure 9 shows the induced variation of the index at different pump intensities. We found that when the pump intensity is below the point of which the white-light continuum emerges, the induced variation of index is proportional to the pump intensity, as indicated by Eq. (9). The measured n 2 is 2.4 ϫ 10 Ϫ16 cm 2 /W, close to the data (2.5 ϫ 10 Ϫ16 cm 2 /W) in Ref. 35 . When the pump intensity is increased to 4 ϫ 10 11 W/cm 2 , the white-light continuum starts to become detectable. At the same time the variation of the refractive index increases rapidly with the intensity. Finally ⌬n saturates to ⌬n max ϳ 7 ϫ 10 Ϫ5 . The measurement did not go beyond 9 ϫ 10 11 W/cm 2 for the pump intensity, because at that point multifilament propagation of the pump beam started to appear. In the saturation region the result shown in Fig. 9 agrees with the general form of n 2 saturation proposed in Refs. 46-52: Fig. 7 . Beam-diameter evolution. After 4-mm propagation, for high-power pulses the spatial beam profile deviates more and more from a Gaussian profile, and the beam size becomes less accurately defined. where I is the intensity of the pulse and I s is the saturation intensity. From the measured n 2 and ⌬n max we obtain I s ϭ 3 ϫ 10 11 W/cm 2 . Although Eq. (10) as a saturation ansatz for the nonlinear refractive index has been used in theoretical and numerical studies of nonlinear beam propagation for more than three decades, we could not find a concrete physical model of this saturation ansatz in the literature. Whether this saturation ansatz represents a universal phenomenon, and to what extent the formula holds, are still open questions. Within the intensity range we have studied, the measured ⌬n as a function of intensity fit qualitatively to the ansatz; therefore in the following paragraphs we used the ansatz as an experimental fact to explain the noncatastrophic selffocusing and beam trapping. It is interesting to note that Fig. 9 also resolved some long-existing discrepancy in the reported value of the nonlinear refractive index. The most often referred n 2 values of sapphire are 2. . It is clear that the data in Fig. 9 agree with both measurements if the definition of n 2 was taken as n 2 ϭ ⌬n/I instead of the more rigorous definition n 2 ϭ d⌬n/dI evaluated at I → 0.
The measurement on the saturation of n 2 offers insight of the beam-trapping phenomenon. Under the aberrationless approximation, we model the self-focused beam as a cylindrical waveguide with a parabolic refractiveindex profile:
where n 0 is the linear refractive index, n c is the refractive index at the beam center, and ␣ ϭ 1 Ϫ (n 0 /n c ) 2 . Following the analysis in Ref. 54 , the minimum radius a of this cylindrical waveguide for the propagation of the fundamental transverse mode is
where
and I 0 is the intensity at the beam center. If selffocusing shrinks the beam radius to a with the ⌬n c satisfying Eq. (12), the self-consistent condition of the waveguide is met. This criterion has been used to calculate the size of a self-induced optical fiber with a step refractive-index profile in an idealized saturation medium. 55 As an approximation, we set the radius of the waveguide a equal to the 1/e 2 radius of the spatial beam profile. From Eqs. (12) and (13) and the relation P ϭ I 0 a 2 /2, where P is the power, the self-trapped beam radius, a, and P are related by
It is seen that the self-trapped beam size a would not shrink catastrophically as the power P increases; instead,
. The curves in Fig. 10 show the relation between a and P calculated with Eq. (14), where n 2 and I s are obtained from our measurements. The data points are measured trapped-beam diameters. It is seen that the self-consistent waveguide model is able to provide a rough estimation of the trapped-beam diameters.
The saturation of ⌬n can also explain the nearly uniform focusing as shown in Fig. 5 . With the 3 ϫ 10 11 W/cm 2 saturation intensity, at the entrance plane ⌬n at the temporal center of the 180-fs (FWHM) pulses is only 33% larger than that at the Ϯ100-fs temporal wings, in contrast to the 130% difference in instantaneous power. As the pulse focuses down, the difference in ⌬n becomes even smaller. Therefore the dependence of the focusing rate on instantaneous power is much weaker than what is expected from the conventional picture in which n 2 is not saturated.
In our experiments, because the minimum beam diameter is much larger than the wavelength, effects related to small beam size such as nonparaxiality or the vector nature of the electromagnetic field are thus negligible. For example, in our experiments the nonparaxiality parameter ⑀ defined in Ref. 22 does not exceed 1.3 ϫ 10 Ϫ5 , an order of magnitude smaller than the case of the calculation in Ref. 22 . Similarly, the maximum of the beamsize parameter defined in Ref. 19 is only 7 ϫ 10 Ϫ3 , which means the coupling between the transverse and the longitudinal electric fields is even smaller than other neglected terms in the vector field propagation model. Therefore these effects do not play important roles in our model.
The self-consistent waveguide model only gives an estimation of the trapping condition. It does not tell whether the propagation is stable. In the temporal domain the interaction between self-phase modulation and normal group-velocity dispersion can cause pulse splitting. 56, 57 This effect can be represented by the nonlinear dispersion length z NLGVD defined in Ref. 58 . In this study z NLGVD is 7.2 times the confocal parameter, much longer than our experimental range; therefore temporal pulse splitting should not be a major source of instability. On the other hand, in the spatial domain, wave-front stability is measured by the so-called B integral, which represents the nonlinear phase modulation across the wave front 59 :
where L is the propagation distance inside the nonlinear medium. For a high-power laser amplifier, the B integral needs to be kept Ͻ3 to guarantee stable propagation.
To maintain a smooth, spike-free beam profile, the B integral should be kept Ͻ1. In our cases the B integral is 1.7-1.8 for a peak power of 3.6-4.1 P c at an 8-mm propagation length. Even after taking into account the nonlinear index saturation effect discussed above, the saturation-corrected B integral is still too large to preserve a smooth Gaussian beam profile. This agrees with the experimental observation that after 4 mm of propagation, the spatial beam profile deviates more and more from a Gaussian profile, and the beam size becomes less accurately defined.
DISCUSSION AND SUMMARY
We use a three-dimensional phase-retrieval crosscorrelation technique to analyze the self-focusing dynamics of femtosecond pulses. The technique is a powerful tool for deciphering the spatiotemporal field evolution during the nonlinear propagation. For peak power less than the self-focusing critical power, measurements of the three-dimensional field distribution of pulses from a Kerrlens mode-locked oscillator provide a clear proof of the pulse-shortening mechanism. For peak power larger than the critical power, we find that the pulse focuses down nearly uniformly to a quasi-stable single filament of propagation before the beam profile finally loses its welldefined shape. Within our experimental range the diameter of the filament is insensitive to the peak power and the input beam size. By an independent crosspolarization modulation experiment we show that these experimental observations can be explained by the saturation of the nonlinear index change at a level as low as 7 ϫ 10 Ϫ5 . The saturation prevents runaway selffocusing at an intensity level lower than the optical damage threshold. 60 A more rigorous model including dispersion, diffraction, space-time focusing, nonlinear shock, and instantaneous and Raman nonlinearities had been presented in recent theoretical and experimental papers. [61] [62] [63] [64] [65] These mechanisms cause temporally unsymmetrical multisplitting and self-steepening. Qualitatively these temporal features appeared in our experimental data, but in order to make a quantitative comparison, a multidimensional wave-propagation simulation is required. To date, simulation results have not yet provided scaling functions that can be conveniently checked by experiments. The papers referred to above and other experimental papers in the literature discussed the on-axis intensity variation (in other words, temporal profile at the beam center) as a result of nonlinear propagation. Instead, our experiments are focused more on the spatial profile evolution during self-focusing, which has not been addressed by mathematical analyses or numerical simulations.
Spectral modulation and the white-light continuum are believed to be the result of Raman scattering and degenerate four-wave mixing. 66 In our experiments, other than the small spectral broadening owing to self-phase modulation, spectral modulation was not observed, and the measured energy of the white-light continuum was much smaller than that of the original pulse. Therefore we believe these effects have a much smaller influence on the evolution of the beam profile than self-focusing.
The phase-retrieval cross-correlation technique gives both the intensity and the phase profiles. However, the phase profile is related to the intensity profile by selfphase modulation. We were not able to extract more information from the phase profile to improve the phenomenological picture already provided by the intensity profile.
In all the self-focusing experiments described above, we demonstrated that analyzing the three-dimensional field distribution as a whole can reveal much more than measuring the averaged spatial profile and the averaged temporal profile separately. What we have demonstrated is a straightforward application of three-dimensional phaseretrieval cross correlation. A more complicated but important class of applications is ultrafast pump-probe experiments. By resolving both the pump and the probe pulses in three dimensions, before and after they interact with the sample, one would be able to see the physical process much more clearly, thereby characterizing the sample in much more relevant ways. This point can hardly be exaggerated given that most pump-probe experiments to date are analyzed only by the change of pulse duration and energy.
